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Abstract: In order to prepare high toughness (Ti,Zr,Nb,Ta,Mo)C ceramics at low temperatures while
maintaining high hardness, a liquid-phase sintering process combined with Co-based liquid-phase
extrusion strategy was adopted in this study. The densification temperature can be lowered to 1350 ℃,
which is much lower than the solid-state sintering temperature (~2000 ℃) generally employed for
high-entropy carbide ceramics. When sintered at 1550 ℃ and 30 MPa applied pressure, part of the
Co-based liquid-phase was squeezed out of the graphite mold, such that only ~3.21 vol% of Co
remained in the high-entropy ceramic. Compared to the Co-free solid-state sintered (Ti,Zr,Nb,Ta,Mo)C
ceramics, prepared at 2000 ℃ and 35 MPa, the hardness was slightly decreased from 25.06±0.32 to
24.11±0.75 GPa, but the toughness was increased from 2.25±0.22 to 4.07±0.13 MPa·m1/2. This work
provides a new strategy for low-temperature densification of high-entropy carbides with both high
hardness and high toughness.
Keywords: high-entropy carbide ceramics; liquid-phase sintering; microstructure; grain size; mechanical
properties
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Introduction

High-entropy transition metal carbide ceramics have
been shown to possess high hardness, good elevatedtemperature flexural strength, low thermal conductivity,
good high temperature wear resistance, and good oxidation
resistance, and have attracted significant attention in
recent years [1–7]. However, the sintering temperature
of high-entropy carbide ceramics is typically ~2000–
2300 ℃ [8–10], due to their primarily covalent bonding
* Corresponding authors.
E-mail: W.-M. Guo, guo1238@126.com;
H.-T. Lin, huataylin@comcast.net

and low self-diffusion coefficients [11]. On the other
hand, in spite of the fact that high-entropy carbide
ceramics exhibit higher hardness than a rule of mixture
estimations might predict, the relatively poor fracture
toughness of these materials is an adverse factor that
may limit their potential use in wider industrial
applications, e.g., ceramic cutting tools. Feng et al. [4]
produced (Hf,Zr,Ti,Ta,Nb)C ceramics with a chevron
notch fracture toughness of 3.5±0.3 MPa·m1/2. Similarly,
moderately low fracture toughness values of 3.28±0.12
MPa·m1/2 for (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)C [12] and
3.0±0.2 MPa·m1/2 for (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C [13]
have also been previously reported. Therefore, it is
imperative to develop strategies to fabricate high-entropy
carbide ceramics at lower temperatures, and ideally, at
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the same time, also improve their fracture toughness.
It has been reported that the densification temperature
can be potentially reduced to ~1900 ℃ by using nanosize
high-entropy carbide powders (~100 nm) as raw materials
[11], adopting gas pressure sintering technology [14], or
introducing a small amount of carbon as sintering aids
[15,16]. In addition, ultra-high pressure (6 GPa) sintering
technology can be used to prepare (Hf0.25Zr0.25Ta0.25Ti0.25)C
ceramics with a density of 97.1% at the temperature as
low as 1600 ℃ [17]. Although these strategies can
successfully reduce the sintering temperature, they are
still limited by effectiveness, cost, or technical complexity,
and are unable to improve the essential properties of
low toughness.
Traditionally, in order to reduce the sintering
temperature while simultaneously improving toughness,
transition metal carbides are often processed by sintering
with a metallic binder phase, such as cobalt (Co) or
nickel (Ni) [18–21]. In general, compared to solid-state
sintering of carbide ceramics, liquid-phase sintering
through addition of Co and/or Ni can greatly reduce
the densification temperature, down to ~1300–1600 ℃.
For the case of high-entropy carbide ceramics, Pötschke
et al. [22] recently successfully manufactured dense
(Hf–Ta–Ti–Nb–V)C–19.2 vol% Co composites by gas
pressure sintering at 1400 ℃ and 100 bar Ar pressure,
resulting in an increase in fracture toughness to
~8.5 MPa·m1/2. However, this approach sacrifices the
high hardness of high-entropy ceramics due to the high
metallic binder content (19.2 vol%) employed, with the
hardness of the (Hf–Ta–Ti–Nb–V)C–19.2 vol% Co
composites being only ~11.8 GPa [22]. A similar study
has also been conducted by Liu et al. [23], for a
(Zr0.25Hf0.25Ta0.25Ti0.25)C–20 wt% Ni/Co composite system,
which resulted in a moderately low hardness value of
~16.3 GPa. Hence, it is desirable to develop densification
routes for high-entropy carbides at low temperatures
(with high toughness), which do not sacrifice the
intrinsic high hardness of the single phase high-entropy
ceramic phase.
In the present study, metal oxides and graphites were
first used as the raw materials to prepare high-entropy
(Ti,Zr,Nb,Ta,Mo)C powders through the carbothermal
reduction route. Spark plasma sintering (SPS) technology
was then employed to consolidate the (Ti,Zr,Nb,Ta,
Mo)C–10 vol% Co composites. The effects of sintering
temperature (1350 or 1550 ℃) and uniaxial pressure
(4.3 or 30 MPa) on the densification behavior, phase
composition, microstructure, and mechanical properties

of (Ti,Zr,Nb,Ta,Mo)C–10 vol% Co composites were
systematically investigated. A comparative study of
high-entropy (Ti,Zr,Nb,Ta,Mo)C ceramics without Co
addition was also conducted in this work.

2 Experimental procedure
The (Ti,Zr,Nb,Ta,Mo)C starting powders were prepared
using a carbothermal reduction route, with a mixture of
the appropriate oxides and graphite as the raw precursor
materials. Commercially available TiO2 (~1.0 μm,
Shanghai Xiangtian Nanomaterials Co., Ltd., China),
ZrO2 (~0.6 μm, Changsha Xili Nanometer Lapping
Tech. Co., Ltd., China), Nb2O5 (~2.0 μm, Beijing Founde
Star Sci. & Tech. Co., Ltd., China), Ta2O5 (~1.0 μm,
Beijing Founde Star Sci. & Tech. Co., Ltd., China),
MoO3 (~1.0 μm, Shanghai Xiangtian Nanomaterials
Co., Ltd., China), and graphite (~1.5 μm, Shanghai
Yifan Graphite Co., Ltd., China) powders were utilized
as the raw materials. The molar ratio of the five raw
oxide powders to graphite was designed as TiO2:ZrO2:
Nb2O5:Ta2O5:MoO3:C = 1:1:0.5:0.5:1:16, in order to
enable the formation the (Ti,Zr,Nb,Ta,Mo)C powders.
The raw powders were mixed in anhydrous ethanol
by ball-milling. The slurries were then dried within a
rotary evaporator and passed through a 100-mesh sieve.
The dried mixtures were then compacted under a
uniaxial pressure of 10 MPa. Finally, the compacts were
heat-treated in a graphite vacuum furnace (model LHS-2,
Zhongshan Kaixuan Vacuum Science & Technology Co.,
Ltd., China) at 1650 ℃, held for 3 h under vacuum
(< 10 Pa), to complete the carbothermal reaction process.
The as-prepared products were subsequently ground
with an agate mortar and pestle to obtain the synthesized
(Ti,Zr,Nb,Ta,Mo)C powders. The (Ti,Zr,Nb,Ta,Mo)C
powders were then blended with 10 vol% Co (~1.0 μm)
by ball-milling in anhydrous ethanol for 24 h. The powder
mixtures were then dried within a rotary evaporator and
subsequently passed through a 100-mesh sieve.
SPS system (model HPD-10-FL, FCT Systeme
GmbH, Germany) was employed to consolidate the
bulk materials using a graphite die with an inner diameter
of 30 mm. All samples were sintered with a heating
rate of 100 ℃/min. The (Ti,Zr,Nb,Ta,Mo)C–10 vol% Co
composites were sintered at two different temperatures,
namely 1350 or 1550 ℃, as listed in Table 1. In order to
study the effects of uniaxial pressure on the densification
of (Ti,Zr,Nb,Ta,Mo)C–10 vol% Co composites, either
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Summary of the raw material compositions, sintering conditions, bulk densities, and grain sizes

(Ti,Zr,Nb,Ta,Mo)C (vol%) Co (vol%) Sintering temperature (℃) Uniaxial pressure (MPa) Bulk density (g/cm3) Grain size (μm)

HC1350-L

90

10

1350

4.3

7.11

—

HC1350-H

90

10

1350

30

8.54

0.4±0.1

HC1550-L

90

10

1550

4.3

8.47

1.7±0.5

HC1550-H

90

10

1550

30

8.51

1.3±0.7

H2000

100

0

2000

35

8.53

3.6±1.4

a low (4.3 MPa) or high (30 MPa) uniaxial pressure
was applied during the SPS process. Note that the
application of a relatively low pressure of 4.3 MPa
(~3 kN) was necessary during the SPS process in order
to ensure good electrical conductivity in the contact area
of the graphite mold components. The same (Ti,Zr,Nb,
Ta,Mo)C powders, but without Co addition, were sintered
at 2000 ℃ under a uniaxial pressure of 35 MPa in
order to provide a baseline material for comparison.
Bulk densities of the as-sintered specimens were
measured in distilled water using Archimedes’ method.
Crystalline phases within the as-sintered ceramic
samples were determined by the X-ray diffractometer
(XRD; model D8 Advance, Bruker Corp., Germany).
Microstructural characterizations of the densified and
polished composites were carried out using the scanning
electron microscope (SEM; model SU-8220, Hitachi
High-Tech, Japan), equipped with an energy dispersive
spectroscopy (EDS) Si-drift detector (model X-MaxN50,
Oxford, UK) for chemical analysis and elemental
mapping. The Co contents within the as-sintered
composites were analyzed by the inductively coupled
plasma optical emission spectroscope (ICP-OES; model
5100, Agilent, USA). Vickers hardness of this series of
ceramics was measured by the indentation method,
with an applied load of 0.2 kg, which was held for 10 s.
Fracture toughness was measured using the Vickers
indentation approach, with an applied load of 2 kg, and
held for 15 s [24].

3
3. 1

phase was not detected in the XRD patterns of the
(Ti,Zr,Nb,Ta,Mo)C–10 vol% Co composites. This might
be due to the content of Co within the composites
being too dilute to be reliably detected by XRD, due to
the extrusion of Co during the pressure sintering process,
as shown in Fig. 2. Further detailed analysis confirming
the Co content in the as-sintered composites is provided
below.

Fig. 1

XRD patterns of the as-sintered ceramics.

Results and discussion
Phase composition and densification behavior

The X-ray diffraction (XRD) patterns of the as-sintered
samples are shown in Fig. 1. A high-entropy carbide
phase with a face-centered cubic lattice was detected in
all of the sintered samples, suggesting that the
(Ti,Zr,Nb,Ta,Mo)C solid solution could be retained
under the different sintering conditions when using the
pre-alloyed powders. It should be noted that the Co

Fig. 2 Illustration of the Co phase extrusion
during the SPS process.
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Shrinkage temperature and shrinkage displacement
vs. time curves recorded during the sintering process
are shown in Fig. 3. When the uniaxial pressure was
linearly loaded to the target value (4.3, 30, or 35 MPa
for the Co-free samples, as presented in Table 1) at
1000 ℃, the time was defined as zero. A distinct shrinkage
response was observed during heating, and different
starting and ending temperatures were exhibited for these
samples, as marked by the vertical dotted lines shown
in Fig. 3. The HC1550-H sample has the lowest shrinkage
starting (~1160 ℃) and ending (~1410 ℃) temperatures,
due to the liquid-phase sintering and particle rearrangement processes, as shown in Fig. 3(b). Compared to the
HC1550-H sample, the HC1550-L sample has a higher
shrinkage starting (~1250 ℃) and ending (~1550 ℃)
temperatures, as shown in Fig. 3(a), indicating the
higher uniaxial pressure employed for HC1500-H was
beneficial to the densification process. For a typical
WC–Co alloy, initial viscous flow densification was
observed to occur at ~1150–1230 ℃, while the liquidphase sintering temperature was ~1260–1440 ℃ [25].
In spite of the Co-free H2000 sample being loaded to

the highest uniaxial pressure (35 MPa), it exhibited the
highest shrinkage starting temperature (~1450 ℃) and
ending temperature (~1870 ℃), due to the densification
mechanism being solid-state sintering, as shown in
Fig. 3(c). After the distinct shrinkage stage, a gradually
more gentle shrinkage could be observed, as shown in
Fig. 3. A further decrease in the level of porosity and
grain growth occurred in this step.
3. 2

Microstructure

The bulk density of the HC1350-L sample was 7.11 g/cm3,
which was lower than that of the other samples
(~8.5 g/cm3), as presented in Table 1. Scanning electron
microscopy (SEM) images of the fracture surfaces for
the as-sintered specimens are shown in Fig. 4. The
HC1350-L sample was porous (Fig. 4(a)), indicating
that it was not possible to obtain a fully dense structure
when applying a sintering temperature of 1350 ℃ and
a uniaxial pressure of 4.3 MPa by SPS. The HC1350-H,
HC1550-L, HC1550-H, and H2000 samples all showed
dense microstructures by SEM, which was consistent

Fig. 3 Sintering temperature and shrinkage displacement curves of the ceramics during SPS: (a) HC1550-L, (b) HC1550-H, and (c) H2000.

Fig. 4 SEM images of the fracture surfaces for the as-sintered specimens: (a) HC1350-L, (b) HC1350-H, (c)
HC1550-L, (d) HC1550-H, and (e) H2000. Red arrows show the grains exhibiting an intergranular fracture morphology.

www.springer.com/journal/40145

J Adv Ceram 2022, 11(5): 805–813

809

fracture morphology could be observed in the dense
composites with Co addition, as highlighted by the red
arrows in Figs. 4(b)–4(d). The intergranular features
suggested that the metallic binder (Co) phase presented
as a ductile component within the composites, altered
the grain boundary binding energy, and thus changed
the fracture morphology.
SEM images of the polished surfaces for the assintered specimens are shown in Fig. 5. The grain sizes
of the HC1350-H, HC1550-L, HC1550-H, and H2000
materials were measured to be 0.4±0.1, 1.7±0.5, 1.3±0.7,
and 3.6±1.4 μm, respectively, as presented in Table 1.
The grain size results suggested that the dense high-

entropy carbide ceramics, with submicron-grained
structures, can be achieved by liquid-phase assisted SPS
at the lowest examined sintering temperature of 1350 ℃,
when using a uniaxial applied pressure of 30 MPa. Due
to the higher sintering temperature of 1550 ℃, the grain
sizes of the HC1550-L and HC1550-H samples
coarsened to ~1–2 μm, as shown in Figs. 5(c) and 5(d).
However, the grain sizes were still smaller than that of
the H2000 sample (3.6±1.4 μm), which was densified
at 2000 ℃ by solid-state sintering.
Representative elemental EDS composition mappings
for the HC1550-L sample are shown in Fig. 6. The
elements Ti, Nb, Ta, and Mo were homogenously

Fig. 5 SEM images of the polished surfaces for the as-sintered specimens: (a) HC1350-L, (b) HC1350-H, (c) HC1550-L,
(d) HC1550-H, and (e) H2000.

Fig. 6 SEM image of the polished surface for HC1550-L and corresponding elemental composition EDS mappings.
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distributed within the high-entropy ceramic matrix
phase. In addition, clusters of Zr and O were observed,
indicating that a residual ZrO2 phase existed in the
HC1550-L sample due to the incomplete carbothermal
reduction of the raw powders. Clusters of Co, located
at the dark contrast phase regions, were also observed
in Fig. 6. In spite of partial extrusion of Co (Fig. 2)
during the SPS process, some residual Co still remained
in the composites after cooling (Fig. 6). However, the
amount of remaining Co was too dilute to be reliably
detected by XRD analysis in the present study, as
shown in Fig. 1.
It should be noted that it is essentially impossible to
evaluate the residual Co content from the measured
bulk density (Table 1) because of the similar theoretical
densities of Co (~8.9 g/cm3) and (Ti,Zr,Nb,Ta,Mo)C
(~8.5 g/cm3). Consequently, in order to quantitatively
assess the residual Co content within the composites,
SEM images and corresponding Co content analysis of
the HC1550-L and HC1550-H samples are presented in
Fig. 7. Here the Co element is highlighted in red, as
shown in Figs. 7(b) and 7(d). The measured Co contents
of the HC1550-L and HC1550-H samples were 6.94
and 3.21 vol%, respectively, which were calculated
based on the areal percentage of the red phase pixels
using Photoshop software. Further quantitative analysis
was performed by ICP-OES, and showed that the Co
contents of the HC1550-L and HC1550-H samples
were 5.20 wt% (~4.98 vol%) and 2.46 wt% (~2.35 vol%),
respectively. The results obtained by two different
methods (ICP-OES and SEM analysis) indicated that a
significant level of Co extrusion arose, resulting in
only a small amount of Co remaining in the sintered
body. In addition, a higher SPS uniaxial compaction
pressure applied to the sample increases the extent of
Co extrusion. A schematic illustration of the Co-based
liquid-phase extrusion mechanism is shown in Fig. 8.
At the initial stage of liquid-phase formation during the
sintering process, the content of Co liquid-phase was
high enough to form a continuous liquid-phase through
the samples, as schematically illustrated in Fig. 8(b).
Part of the Co liquid-phase was then squeezed out of
the graphite mold under the effect of uniaxial pressure
(30 or 4.3 MPa), resulting in only a small amount of Co
liquid-phase remaining in the composites, as illustrated
in Fig. 8(c). Understandably, higher uniaxial pressure
will result in less liquid-phase residue being retained in
the composites, due to the greater driving force for
liquid-phase extrusion. In fact, liquid-phase extrusion

phenomena are moderately common in ceramic sintering
and processing approaches [26–31]. For example, in a
study on Ti(C,N)–Ni cermets, the liquid-phase was
partially squeezed out due to the high applied pressure
(30 MPa) and the relatively high sintering temperature
(1500 ℃) [27]. Similar binder extrusion results have
also been observed for cermets based on WC–Co [28],
TiC–Fe [29], TiC–TiB2–Ni [30], and WC–TiC–Ni [31].

Fig. 7 SEM images and corresponding Co content
analyses of the as-sintered samples: (a, b) HC1550-L, (c, d)
HC1550-H. Co is highlighted in red.

Fig. 8 Schematic illustration showing the Co-based
liquid-phase extrusion mechanism: (a) mold components;
(b) during sintering and (c) after sintering.
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Hardness and toughness

The Vickers hardness and fracture toughness of the
as-sintered ceramics are presented in Fig. 9. Due to the
porous structure (i.e., a comparatively low sintered
density), the hardness and toughness of the HC1350-L
composites were not measured in this study. Compared
to the other samples, the H2000 high-entropy carbide
prepared without Co addition exhibited the highest
hardness of 25.06±0.32 GPa, which was comparable to
a previously reported value of 25.3±0.3 GPa [12]. For
the (Ti,Zr,Nb,Ta,Mo)C–10 vol% Co composites sintered
under the applied load of 30 MPa (i.e., HC1350-H and
HC1550-H), with an increase of sintering temperature
from 1350 to 1550 ℃, the hardness increased from
22.50±0.76 to 24.11±0.75 GPa, as shown in Fig. 9(a).
Compared to the sample sintered under 30 MPa pressure
at 1550 ℃ (HC1550-H), the sample sintered under
low uniaxial pressure (4.3 MPa, HC1550-L) exhibited
a lower hardness of 22.07±0.86 GPa. Owing to the
higher uniaxial pressure and higher sintering temperature,
more liquid-phase extrusion arises, resulting in a decrease
in the final content of Co metallic binder in the sample
and consequently a higher hardness. Due to the low
hardness of the metallic binder in cermet systems, the
hardness of the transition metal carbides and nitrides
containing such binders is lower than that of the equivalent
binderless ceramics. Compared to binderless TiN ceramics,
the hardness was decreased from ~11.7 to ~9.9 GPa by
adding 3 wt% Co [32]. The effect of Co content on the
hardness of high-entropy ceramics is consequently
similar in the present case to that of traditional transition

metal carbides and nitrides.
Compared to the hardness, the fracture toughness
variations followed the inverse trend as the sintering
temperature was increased. The H2000 sample exhibited
the lowest toughness of 2.25±0.22 MPa·m1/2. Also, the
toughness of all of the dense composite samples was
increased, as compared to the binder-free ceramics due
to the Co addition, as shown in Fig. 9(b). The HC1550-L
sample reached a maximum toughness of 5.03±0.33
MPa·m1/2, which was 124% higher than that of the
H2000 sample. Even though there was only 2.35 vol%
of residual Co in the HC1550-H sample, the toughness
was greatly improved to 4.07±0.13 MPa·m1/2 due to
the beneficial contribution of Co ductility. Representative
SEM images of the Vickers indentations (2 kg load)
and the associated induced crack paths for the H2000
and HC1550-H samples are presented in Fig. 10.
Compared to the H2000 sample, the length of crack
induced by Vickers indentation under the same load
was significantly shortened in the composite materials,
as shown in Figs. 10(a) and 10(c), indicating the material
has a higher crack resistance and fracture toughness.
The high-magnification SEM image of the crack path
for the HC1500-H sample revealed the occurrence of
the crack deflection along the grain boundaries, as
highlighted in Fig. 10(b), which could be a toughening
mechanism that allowed more elastic energy to be
released, and thus improved the crack propagation
resistance [33]. On the other hand, the fine-grained
microstructure of the Co addition sample resulted in
more grain boundary surface area, which might be
another contributing mechanism to toughening.

Fig. 9 Mechanical properties of the SPS processed samples: (a) Vickers hardness and (b) fracture toughness.
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